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Abstract
We propose a simple and low-cost flow-through electrode for electrochemical cells used for instance in capacitive desali-
nation. We have coated macro-porous carbon fiber papers with various loads of carbon microporous particles to combine 
both a high surface area and an open structure for good fluid dynamics. In this first study, we restrict our investigation to 
the charging/discharging behavior, the identification of side reactions, and the effect of geometry on the diffusion of ions. 
The electrochemical performance was first investigated by cyclic voltammetry and galvanic charge–discharge techniques. 
The specific capacitance increases by three orders of magnitude upon adding the carbon particles. Then, electrochemical 
impedance spectroscopy revealed the presence of charge transfer phenomena and modification in the mass transport by the 
diffusion process for the coated electrode.

Graphical abstract
SEM image of the surface morphology of the cross section of CP/CFP/CP structure of the flow-through electrode.

20 µm

CPCFP

Keywords Flow-through electrode · Desalination · Supercapacitors · Carbon fiber paper · And Carbon paste

Introduction

Carbon materials are crucial in the electrode composition 
utilized in energy storage/conversion devices owing to their 
unique combination of properties: large surface area of 
nanostructures, high mechanical strength, good electrical 
conductivity, acceptable chemical stability, and low-cost 

(Porada et al. 2013; Zhang et al. 2018; Chander and Mangal 
2019). Electrodes in supercapacitors and batteries are typi-
cally partially composed of carbon nano-materials such as 
carbon nanotubes, graphenes, and its oxides, ordered meso-
porous carbons, activated carbons, and carbon blacks (Chan-
der and Mangal 2019). Micro- and meso-porous electrodes 
(pore size < 2 nm and < 50 nm) are appropriate for charge 
storage as characterized by a large capacitance; however, 
they are typically not designed for flow electrochemical cells 
where the fluid should pass through the cells or through the 
macro-porous electrodes (Chander and Mangal 2019; Olabi 
et al. 2022).
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Nowadays, there is a renewed interest in designing car-
bon-based electrodes for flow electrochemical cells because 
of the increasing demand for emerging key technologies 
such as capacitive desalination, redox flow batteries, and 
electrolysers (Olabi et al. 2022; Elisadiki and King'ondu 
2020; Alkhadra et al. 2022). Electrolysers are used to pro-
duce fuels and chemicals, as well as flow reactors in organic 
synthesis (Alkhadra et al. 2022). A flow electrochemical 
cell is typically composed of two carbon-based electrodes 
in contact with a positively and a negatively charge collector. 
The two electrodes are either sandwiching an ionic selective 
membrane separating the electrolyte on both sides, such as in 
redox flow batteries or by a polymer mesh (e.g., turbulence 
promoters (Bengoa et al. 1997)) to have the same liquid in 
contact with both electrodes, such as in some flow reactors 
(Mo et al. 2020). The flow of liquid can either pass by elec-
trodes (flow-by, Fig. 1a) or through electrodes (flow-through, 
Fig. 1c). Both planar and porous electrodes can be used in 
the flow-by architecture (Fig. 1a, b). The functionality of 
the flow electrochemical cell depends on the physical and 
chemical properties of the electrode material. The electrode 
material can include an electrocatalyst that provides the 
specificity and the efficiency to the electron transfer reaction 
between the electrode and the reactant in the liquid. How-
ever, other parameters are important too, such as the flow 
rate of the electrolyte, the reactant mass transport, and the 
ionic and electronic currents in porous electrodes (Bengoa 
et al. 1997). Hence, the porosity and the morphology of the 
carbon electrode are crucial and impact the electrochemical 
performance in energy applications or chemical production 
(Mo et al. 2020; Rivera et al. 2015; Suss et al. 2012).

The density of the electrode and the type of porosity also 
play a role. Electrodes with high porosity but small pores 
have a high surface area (~ 1000  m2  g−1), thus promoting any 
interfacial phenomena (electric double layer formation and 
electron transfer reaction), but they possess high fluid resist-
ance (Fig. 1d). Because those electrodes can function in the 
flow-by architecture (Fig. 1b) but not in the flow-through cell 
(Fig. 1c). To ensure low fluid resistance for the flow-through 
geometry cell, open and macroscopic porosity with large 
pores offered by carbon clothes and carbon papers made of 
carbon fibers are typically used (Rivera et al. 2015) (Fig. 1f). 
The surface area is however much limited (~ 10  m2  g−1) thus 
leading to low faradaic current density and low capacitance 
(Suss et al. 2012). There is a large interest in the develop-
ment of the flow-through electrode architecture utilizing 
multi-scale porous electrodes (Suss et al. 2012) combin-
ing low fluid resistance and large surface area (Fig. 1e). A 
first strategy to increase the surface area was to chemically 
etch the surface of the carbon fibers (Zhang et al. 2013). In 
a second approach, nanorods have been grown on carbon 
fibers (Abbas et al. 2018). Recently, a third strategy was 
to use nanofibers of carbon created by the electrospinning 

technique of a polymer before the pyrolysis (700  m2  g−1) 
(Ribadeneyra et al. 2020).

The charging of a planar and a porous electrode can be 
different and these differences are exalted for small pores 
and thick electrodes. Indeed, the transport of ions inside the 
porosity of the electrode deviates from the ionic transport 
found in the bulk of a solution. Ions need to follow convo-
lution paths in the porosity that reduces the effective dif-
fusion length (Epstein 1989) and couple to the tortuosity 
factor of the electrode. Importantly, it is not an easy task to 
measure the diffusion of ions in a porous electrode mostly 
because the electronic conductivity of the electrode mate-
rials introduces various screening effects that prevent the 
use of spectroscopic methods. One technique that has been 

Fig. 1  The schematic of flow electrochemical cell: a planar and b 
porous flow-by cell and c porous flow-through cell constituted of d 
coated paste of porous carbon nanoparticles CP, e multi-scale porous-
coated carbon fiber (studied design), and f carbon fiber paper elec-
trodes CFP
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developed is impedance spectroscopy which measures the 
complex impedance of the electrode in an electrolyte by 
applying a small AC bias in a range of frequencies to probe 
various phenomena taking place at different timescales. If 
electronic and ionic transports are not occurring at the same 
rate, this method enables to distinguish between those effects 
in the time domain. The physical interpretation of imped-
ance spectra, i.e., the complex impedance versus frequency, 
requires the use of specific equivalent circuit models to rep-
resent each of the physical phenomena taking place insight 
the porous electrode. We can see a porous electrode as an 
assembly of pores connected ionically and electronically. In 
the simplest model, each pore could possess an ionic resist-
ance, an electronic resistance as well as an electric double 
layer capacitor. This description is the basis for the so-called 
transmission line model (TLM) where a porous electrode is 
modeled by an assembly of serial resistors and branching 
capacitors (Tröltzsch and Kanoun 2012). In practice, ideal 
electrical elements such as resistors and capacitors cannot 
represent the flora of nonlinear phenomena taking place in 
electrochemistry even for the non-porous surface, such as 
the mass transport in a liquid modeled by a Warburg ele-
ment; or the presence of boundaries that requires constant 
phase element (CPE) or charge transfer faradic reaction tak-
ing place at the electrode–electrolyte interface which can be 
approximated by a resistance (RCT) (Volonino et al. 1992). 
Those phenomena introduce a degree of complexity where 
non-ideal electrical elements are necessary for making sense 
of the results (Elgrishi et al. 2018). Going deeper, theoreti-
cal modeling coupled to impedance spectroscopy enables 
to reveal various hidden effects such as the impact of the 
shape and the size of the pores on the impedance spectrum 
(Cooper et al. 2017).

Another tool revealing unique phenomena taking place in 
porous carbon electrodes is the theoretical modeling using 
advanced quantum chemical models or molecular dynamics. 
It enables for instance to access the diffusion of ions inside 
the pores (Pean et al. 2015). Three phenomena explain the 
high specific capacitance found for microporous carbon elec-
trodes beside the simple argument of the effective surface 
area of the electrode (Chmiola et al. 2006): (i) The over-
screening, found in the solution as a damped oscillation 
of the ion concentration (Fedorov and Kornyshev 2008), 
disappears inside the nano-porous electrode; and (ii) the 
conducting walls of pores screen efficiently the repulsion 
between ions in the electric double layer and promote a high 
interface charge density (Merlet et al. 2012); (iii) finally, 
the partial desolvation of ions in a pore results in a clos 
distance between the electronic charge on the electrode and 
the ionic layer, which consequently increase the capacitance 
(Eijkelkamp et al. 2013).

In this work, we propose a new design for a flow-through 
electrode by coating a layer of high density paste of porous 

carbon nanoparticles (CP) (Fig. 1d) onto the two sides of a 
low-density carbon fiber paper electrode (CFP) (Fig. 1f) to 
achieve the morphology depicted in Fig. 1e. This architec-
ture keeps a high flow resistance in the middle of the CFP 
while increasing by several orders of magnitude the surface 
area of the electrode with the CP layer. In this article, we 
characterize these electrodes in a symmetric device without 
the effect of fluid dynamics. Instead, we focus on the under-
standing and electrochemical characterization of phenomena 
taking place in that microporous electrode and the interpre-
tation of impedance spectroscopy data. NaCl added in the 
aqueous electrolyte was selected to relate this study to one 
of the potential applications: capacitive deionization (CDI), 
but in a forthcoming study, we will also explore its potential 
in electrolysers.

Experimental section

Preparation of carbon particle CP electrode

A CP slurry was prepared by mixing predetermined amounts 
of Ketjen black nano-powder (KB, EC-600JD conductive 
carbon black, pore volume of 480–510 ml 100  g−1, BET of 
1400  m2  g−1, Akzo Nobel) as a conductive agent and acti-
vated carbon nano-powder (AC, pore volume of 0.7 ml  g−1, 
BET of 1600  m2  g−1, Kuraray) as a capacitive agent. The 
dry mass ratio of the KB and AC was 1:1. The mixture was 
then combined with a 14 wt% binder system made of CMC 
(Carboxymethylated cellulose, viscosity of 1500–3000 cP, 
Sigma-Aldrich) with SBR (Styrene butadiene rubber, viscos-
ity of 50–250 mPa s, Sigma-Aldrich) in water. The resulting 
slurry was homogenized with a disperser (IKA T-25 digital 
Ultra-Turrax) at a high shear rate for 3 min. This homogeni-
zation process was repeated three times with the addition 
of water in each step to decrease the viscosity of the slurry. 
Each bare hydrophobic carbon fiber CFP substrate (AvCarb 
MGL190, porosity of 78%, density of 0.44 g  cm−3, FuelCell-
Store) was cut in the dimension of 3 × 7  cm2 with a thickness 
of 0.019 cm and coated by the various amounts of CP slurry. 
The prepared CP-coated CFP electrode was dried in an oven 
at 60 °C for 2 h. The weight of each CP-coated CFP elec-
trode was subtracted with the weight of bare CFP substrate 
to obtain the dried weight of the CP coating in successive 
steps of 0.003, 0.07, 0.013, 0.025, 0.05, 0.08, 0.1, and 0.16 g 
using a microanalytical balance (KERN ABJ-NM, Fisher 
Brand). Bare hydrophilic CFP substrates were prepared by 
immersing bare hydrophobic CFP substrates in 0.1 M  H2SO4 
solution for 10 min followed by rinsing with water and used 
for comparison. The morphology of the bare and CP-coated 
CFP electrodes were observed by using scanning electron 
microscopy (SEM, Zeiss Sigma 500 Gemini).
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Cell preparation and electrochemical 
characterization

In the symmetrical configuration of CDI, two identical 
electrodes were prepared as the cathode and anode. Those 
identical electrodes were assembled by using a separator 
(Celgard 5550, microporous monolayer Polypropylene mem-
brane, thickness of 110 µm, porosity of 55%) in 0.1 M NaCl 
electrolyte solution with a 7 ml total quantity. At the con-
centration considered of 0.1 M NaCl, the salty solution can 
also be classified as brackish water (0.03–0.42 M) (Zhang 
et al. 2018). An experimental electrochemical cell with the 
two flow-through CFP-CP electrodes was built according to 
the following architecture: end plastic plate/CFP-CP/separa-
tor/CFP-CP/end plastic plate inserted in a rectangular space 
next to a reservoir for inserting probes in the dimension of 
2.6 × 7.8 × 0.6  cm3. Cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD), and electrochemical impedance 
spectroscopy (EIS) were performed with an Autolab (SP-
200) potentiostat/galvanostat coupled to a computer using 
EC-Lab software at room temperature. CV tests were carried 
out at the scanning rate of 5 mV  s−1 within the potential 
range of 0–1 V if not otherwise stated. GCD experiments 
were carried out at the current density of 15 mA within the 
same potential range. EIS measurements were investigated 
at open-circuit voltage over a frequency range from 100 to 
200 kHz with an AC voltage amplitude of 5 mV. Validity of 
EIS measurements (linear Kramers–Kronig tests) and mod-
eling of EIS measurements were performed using RelaxI S 
3 software developed by RHD instruments. All curves for 
CV, GCD, and EIS experiments were plotted at the second 
cycle to reach an equilibrium condition.

Results and discussion

The surface morphology of bare and CP-coated CFP elec-
trodes is visualized by using SEM. A rich fibrous and 
microporous morphology of the bare CFP with an average 
fiber diameter of 5.2 µm is observable in Fig. 2a. This micro-
structure offers the possibility for low fluid resistance of the 
electrolyte but low capacitance (surface area). Applying the 
CP slurry on both sides of the CFP substrate makes a surface 
coating layer relatively compact with nano- and meso-pores 
due to the porosity of carbon particles (Fig. 2b). It is also 
obvious there is a good penetration of CPs into the CFP 
substrate. The appearance of cracks is mostly related to the 
shrinkage of the CP layer after the drying process improv-
ing the capillary property of the electrolyte inside of the 
electrode (Alkhadra et al. 2022). In this case, the presence of 
cracks is not necessarily a disadvantage since it enables liq-
uid flow also across the electrode. Despites those cracks, the 
polymer binder CMC/SBR (Zhang et al. 2018) fills its role 

as no particle fall off the electrode by the touch of the finger 
and that the CP layer has good adhesion on the 3D scaf-
fold of the CFP substrate. A cross-sectional image displays 
a double-layered structure with CP layers of approximately 
20 µm in thickness that cover both sides of the microporous 
CFP to form a CP/CFP/CP structure (Fig. 2c). The use of 
two CP layers on the CFP substrate enables to load a high 
mass of carbon particles while keeping a good adhesion to 
the substrate. This design form of a robust and high capaci-
tance flow-through electrode. This prepared structure com-
bines a large and accessible surface area with desirable pore 

(a) 20 µm

(b) 20 µm

(c) 20 µm

Fig. 2  SEM image of the surface morphology of a bare CFP, b 0.16 g 
CP-coated CFP electrode, and c the cross section of CP/CFP/CP 
structure of the flow-through electrode
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sizes coming from activated carbon and carbon black parti-
cles; and at the same time a desirable flow-through electrode 
with low flow resistance in the center of the CP/CFP/CP 
structured electrode. From now on, for the sake of simplic-
ity, we will call this new architecture for the flow-through 
electrode as the CFP-CP electrode.

We studied the electrochemical behavior of symmetric 
CDI devices prepared with identical electrodes. The CV 
curve of the CFP-CP electrode in a three-electrode setup 
(Ag/AgCl reference) is recorded at a scan rate of 1 mV  sec−1 
and displays a quasi-rectangular shape attributed to the for-
mation of electric double layers (EDL) at the carbon-elec-
trolyte interface. The capacitive current level is I = ½ C (dV/
dt), with C the capacitance, V the voltage, and t the time. 
Distortion in the CV curve with an increasing current above 
0.6 V indicates the occurrence of faradaic side reactions 
(Fig. 3a) even though investigated devices operate below 
the thermodynamic water splitting voltage (∼ 1.2 V) (Abbas 
et al. 2018). Note that it is on purpose that we did not want 
to remove the dissolved gas in the salt solution to see how 
critical side reactions would be in real desalination applica-
tions with those new flow-through electrode designs. The 
CV curve of the symmetric device (CFP-CP/separator/CFP-
CP) was recorded at a scan rate of 5 mV  sec−1 and displays 
a similar trend with a strong capacitive contribution and a 
nonlinear faradic current contribution (Fig. 3b). Increas-
ing the mass of the CP layer deposited on the carbon fiber 
paper leads to both an obvious increase in the capacitance 
as the square box contribution to the cyclic voltammogram 
is growing, and an enhancement of the faradic side reac-
tion at 1 V (Fig. 3b). The capacitive current increases with 
the amount of CP deposited on the CFP electrode since the 
surface area per volume and thus the capacitance increases.

To further investigate the effect of increasing the thick-
ness of the carbon nanoparticle layer on the carbon fiber 
paper, galvanostatic charge–discharge (GCD) measurements 
were taken at a current density of 15 mA and for a voltage 
window of 0–1 V (Fig. 3c). For an ideal capacitor, the GCD 
curve is triangular with linear charge and discharge due to 
the formation of the electric double layer capacitor (EDLC) 
at the electrode-solution interface. Here, for devices with 
thick CP layers, the charging process is accompanied with 
a deviation from the ideal linear increase of voltage versus 
time. Indeed, the GCD curve displays a shoulder at about 
0.6 V that corresponds to the faradic side reaction (Zhang 

Fig. 3  Evaluation of the electrochemical performance of the symmet-
ric device at different total CP masses (0–0.32 g). a Cyclic voltam-
mograms of the CFP-CP electrode in a three-electrode setup (scan 
rate of 1 mV  s−1), b Cyclic voltammogram of the CFP-CP/separator/
CFP-CP symmetric device at a scanning rate of 5 mV  sec−1. c Galva-
nostatic charge/discharge curves and the voltage window of 0–1 V in 
the room temperature (current = 15  mA). d Evolution of the charge 
ratio [Q(ch)/Q(disch)] versus CP masses

▸
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et al. 2018). On the discharge curve, this shoulder is not 
visible as the voltage is set to zero, so the EDLC is quickly 
discharged, which lowers the electric potential below the 
potential required for the faradic side reaction. Hence, the 
ratio between the integrated charges upon charging and dis-
charging [Q(ch)/Q(disch)] is larger than 100% because of the 
current used in the faradic side reaction. Note that the slow-
est charging processes are found for a mass of CP = 0.16 g 
while for higher CP masses, the faradic charge decreases 
upon charging at the same time as the amount of capacitive 
charge found upon discharging.

In the plot of [Q(ch)/Q(disch)] versus the mass of the CP 
layer, the percentage rises with the mass from 153% at 0 g 
to 291% at 0.1 g. This implies that the microporous carbon 
is triggering the side reaction. The suspected side reaction 
could be the reduction of dissolved oxygen on the negatively 
charged electrode and the oxidation of the binder on the 
positive electrode (Xiao et al. 2015). It is indeed found in the 
literature that activated carbon has some catalytic activity for 
the oxygen reduction reaction. It appears that the oxygen-
containing groups on its surface (carboxylate, ketone, and 
hydroxyl) could generate some catalytic sites (Watson et al. 
2013).

By using the Q(disch) on the GCD curves, we can cal-
culate the evolution of the capacitance versus the mass of 
the CP deposited on the carbon fiber paper (Fig. 4a). As 
expected from the CV behavior, the capacitance increases 
from 0.006 F as the pure CFP (0 g of CP) to 0.35 F when 
the CFP is loaded with 0.16 g of CP; while higher CP mass 
leads to a drop in capacitance to 0.2 F at 0.32 g. It is also 
interesting to look at the data with another viewing angle, 
by considering the specific capacitance of the CP layer. 
Normally it should not change by increasing the CP mass 
as it is a material parameter coupled to the surface area by 
forming EDLC in the electrolyte. However, we observe that 
first the specific capacitance increases from 25 to 37 F/g at 
0.16 g, reaching a plateau as expected for a constant specific 
capacitance; but then it significantly diminishes to 10 F/g 
for 0.32 g (Fig. 4b). This sudden drop suggests that the CP 
layer cannot be effectively charged due to a resistive effect 
in the electrode. It is a priori not clear whether this origi-
nates from the ionic transport in the porous layer or from 
the electronic transport in the CFP-CP electrode. We thus 
analyzed the IR drop versus CP mass (Fig. 4c) and observe 
the following: the IR drop is large for the CFP alone, while 
a small addition of carbon particles leads to a decrease in 
the resistance from 2.2 Ω down to approximately 1.6 Ω at 
0.014 g of CP mass. It seems that carbon particles deposited 
on carbon fibers could ensure better electrical connection 
with the copper foil in contact with the CFP-CP electrode 
or that the resistance between the carbon fibers is lowered 
by the presence of CP particles. A systematic increase in 
the CP mass leads to a more resistive behavior up to 2.6 Ω 

at 0.32 g, which is tentatively attributed to the CP layer get-
ting thicker and being a new intermediate layer between the 
copper electrode and the carbon fiber paper. This evolution 
of the serial resistance could explain the peculiar behavior 
observed for (i) the ratio [Q(ch)/Q(disch)] getting lower for 

Cu

CFP
CP

(a)

(b)

(c)

Fig. 4  Evaluation of the electrosorption performance of the sym-
metric device at different total CP masses (0–0.32 g). a Total capaci-
tance, b galvanostatic specific capacitance, and c IR drop at 15 mA 
and the voltage window of 0–1 V at room temperature
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high CP mass (Fig. 3d); and (ii) the drop in capacitance for 
high CP mass. Indeed, both those trends can be affected by 
the voltage drop across the electrode.

The specific capacitance increased to as high as 37 F/g 
which is 3193 times higher than that of the device made 
of the bare hydrophilized CFPs by dropping IR drop. This 
enhancement indicates the improvement in the conductiv-
ity, surface area, and pore morphology leading to more ion 
transferring at the electrode/electrolyte interface. While the 
decrease of the specific capacitance, calculated from CV 
and GCD experiments, by extremely adding CP mass is due 
to higher internal resistance and thereby a lower utilization 
efficiency of CP materials resulting in a lower capacitance 
performance. The specific capacitance increased to as high 
as 37 F/g which is 3193 times higher than that of the device 
made of the bare hydrophilized CFPs by dropping IR drop. 
This enhancement indicates the improvement in the conduc-
tivity, surface area, and pore morphology leading to more 
ion transferring at the electrode/electrolyte interface. While 
the decrease of the specific capacitance, calculated from CV 
and GCD experiments, by extremely adding CP mass is due 
to higher internal resistance and thereby a lower utilization 
efficiency of CP materials resulting in a lower capacitance 
performance.

We need to characterize CFP-CP devices by electro-
chemical impedance spectroscopy (EIS), which hopefully 
can reveal other hidden phenomena and separate the contri-
bution response of solution resistance, charge transfer resist-
ance, double layer capacitance, and other physiochemical 
processes in this symmetric charge storage system. Figure 5 
reports the Nyquist and Bode plots of symmetrical devices 
with various CP masses. The small AC signal (5 mV) is 
applied on the symmetric device CFP-CP/separator/CFP-CP 
over a frequency range from 100 to 200 kHz. The Nyquist 
plot is depicted in Fig. 5a and displays for the CFP (0 g 
of CP) a tilted line crossing the X-axis at nonzero value. 
This crossing indicates a resistance at high frequency and 
the almost vertical line is the result of a strong capacitive 
character at low frequency. Now, by zooming on the inset 
of Fig. 5a, it is also possible to see a partial semicircle that 
indicates that in addition to a capacitor in series with a resis-
tor, there must be a resistive component in parallel with the 
capacitor. We observe that the larger the CP mass, the more 
vertical is the tail in the Nyquist plot which suggests some 
modification in the diffusive transport of the ions (which 
could be modeled by a Warburg element). The Bode plot 
of the carbon fiber paper (0 g of CP) in Fig. 5b reveals sev-
eral frequency regions: (i) at high frequency (> 100 kHz), 
there is a measurement artifact inducing a positive phase 
angle that can be simulated with an inductance (Cooper 
et al. 2017); (ii) between 1 and 100 kHz, the phase angle 
is close to zero and thus the impedance has a strong resis-
tive character, which could be either ionic transport in the 

Fig. 5  Evaluation of the electrochemical impedance performance 
of the symmetric devices at different total CP masses (0–0.32  g). a 
Nyquist plot, b phase angle versus frequency, and c real part of the 
impedance versus frequency
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electrolyte or electronic transport in the electrode; (iii) then 
a capacitive region with a phase angle close to − 90° in the 
frequency range [0.1–100 Hz], (iv) finally a low frequency 
a new trend of a slight emerging a resistive behavior which 
could be potentially coupled to a faradic side reaction, i.e., 
a charge transfer from the electrode to a reactant (which 
could be modeled by an extra resistance RCT). By increasing 
the thickness of the CP layer, the spectra are like system-
atically shifted to lower frequencies but the main behavior 
remains. Hence, we believe that it should be possible to find 
an equivalent circuit that can be used to fit all the experimen-
tal results and extract some trends. The proposed circuit is 
depicted in Scheme 1.

The results of the fitting of the impedance spectra with 
the equivalent circuit are visualized in the supplementary 
information. The model is rather simple for a porous elec-
trode. We have tried several more complex transfer line mod-
els but without much success, i.e., some parameters lost their 
physical meaning, and even if the fitting is good the physical 

meaning of the TLM equivalent circuit is discussable (Bar-
bero and Lelidis 2017). Hence, we believe the simple equiv-
alent circuit is good enough to identify the basic physical 
phenomena as indicated by the following comparison: the 
IR drop extracted from GCD curves follows the same trend 
as the serial resistance  RESR for various CP mass and are the 
about 1 to 2 Ω (Fig. 6a). Moreover, the capacitance extracted 

Scheme  1  Schematics of a a designed simulated circuit with the 
presence of b elements in the electrode/electrolyte interface. Ohmic 
resistance of the electrolyte solution between the working electrode 
and the counter electrode (Rs), the double layer capacitance (CDL), 
the charge transfer resistance of electrodes (RCT), Warburg impedance 
(Zw), and electrode inductance (L)

Fig. 6  Comparing of a the serial resistance, b capacitance, and c 
charge transfer resistance achieved by equivalent circuit and results 
from the GCD at different CP masses
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from GCD curves and the CDL in the circuit follows a simi-
lar trend versus the CP mass and their values are not far 
away from each other. We found that the capacitance from 
the GCD likely underestimates a bit the real value of the 
CDL except for the lowest and highest CP masses related to 
less fitting the simulated data to the experimental data. The 
advantages of the impedance spectroscopy technique arise 
when the equivalent circuits make sense and that other hid-
den components such as the Warburg component and the 
charge transfer resistance are extracted by the fitting proce-
dure. RCT value of the carbon fiber paper is about 416 Ω and 
it decreases to 103 Ω for 0.05 g, after the thicker CP layer, 
the charge transfer resistance increases to 240 Ω at 0.32 g. 
It is notable that the RESR is 2 orders of magnitude smaller 
than the RCT. This is the reason why we believe that RCT 
represents a resistive mechanism with a higher relaxation 
time than electronic transport, potentially an electron trans-
fer of a low kinetic constant related to a faradic side reaction. 
But RCT like RESR are actually following the same trend and 
its values stay within the same order of magnitude when 
increasing the CP mass, while CDL is increased by three 
orders of magnitude. Besides the capacitance, one more ele-
ment is significantly varying and this is the Warburg com-
ponent, diminishing from ~ 365 to ~ 3 Ωs−1/2, i.e., dropping 
by two orders of magnitude (Fig. 6c). We tentatively explain 
this large drop to the change in the electrode geometry while 
adding the carbon particles on the CFP. Starting from the 
carbon fiber paper, the micrometer size fibers are expected 
to lead to a “microelectrode effect” where the mass diffusion 
is promoted in three dimensions. On the contrary, when the 
CP layer is added it goes from a 3D diffusion effect to a more 
2D diffusion because of the coating of the CP layer, which 
also includes a tortuosity effect for the ion diffusion. Hence, 
the addition of the CP mass actually changes dramatically 
the diffusion regime for the ions upon charging the electrode.

Conclusion

A low-cost and easy manufactured flow-through electrode 
is proposed by depositing a slurry of microporous carbon 
particles on top of the microporous carbon fiber paper. We 
built a symmetric device made of two similar flow-through 
electrodes separated by a separator in brackish water. We 
have demonstrated that the addition of the CP slurry leads 
to an increase of 3 orders of magnitude in capacitance for 
the device, while the electrode and the device have an open 
structure that should enable easy fluid dynamics. Hence, this 
architecture seems promising for electrochemical flow cells 
used in capacitive desalination or electrolysis reactor.

By testing with non-degassed NaCl electrolyte to simu-
late the situation for simple desalination, it appears that the 
activated carbon particles trigger a faradic reaction already 

at 0.6 V, which is attributed to the oxygen reduction reaction. 
This is an important effect to take into consideration when 
using those flow-through electrodes for various applications. 
This side reaction is also identified in impedance spectros-
copy as charge transfer resistance. The impedance spectros-
copy analysis with a simple model enables us to decouple 
several phenomena in the time domains. The diffusion part 
of the spectra is significantly changed as is expected from 
the completely different situation for the ion diffusion going 
from a 3D network of microfibers to a planar coating of 
microporous conducting particles. As the next step, we will 
evaluate the flow-through electrodes including the dynamic 
flow of the fluid.
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